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Kinetics of Cell Death Induced in 1OT1/2 Cells by
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GARY J. SMITH, JOE W. GRISHAM, and
MOHAMMED M. FATTEH
The cytotoxic effect ofmethyl methanesulfonate (MMS)
on C3H 1OT1/2 cells is characterized by a complex pat-
tern ofchanges in the permeability ofthe cell membrane
to trypan blue and, therefore, presumably to extracellu-
lar calcium. 1OT1/2 cells are temporarily, and reversibly,
permeable to trypan blue during the initial 30 minutes
following exposure to MMS when incubated in the pres-
ence of extracellular calcium. By 90-120 minutes after
the exposure, the MMS treated cells have restored con-
trol of the membrane permeability, and for the next 6-7
hours they exhibit a level oftrypan blue uptake compara-
ble to that observed in the untreated cohort population.
Between 9 and 15 hours after exposure to MMS the frac-
CELL DEATH resulting from chemical injury is as-
sociated with a variety of irreversible changes in cellu-
lar structure and function, including high amplitude
mitochondrial swelling with disruption of cristae, gross
cytoplasmic swelling with fragmentation of organelles,
nuclear dissolution, and disruption of the plasma mem-
brane. 1-3 Alterations of the plasma membrane and ac-
companying general cellular morphologic changes are
among the earliest identifiable consequences of ex-
posure to toxic chemicals.36 These early morphologic
changes have been correlated with perturbation of the
metabolism of calcium,4 7'8 and the intracellular ac-
cumulation of calcium is hypothesized to be a common
final step in the process leading to cell death.''9" Leak-
age of calcium through the plasma membrane, or the
inability of the cell to actively maintain the concentra-
tion gradient against the higher extracellular level of
calcium, is posited to be an indicator of irreversible cell
injury and is assumed to be the pathophysiologic al-
teration that correlates with membrane leakiness, as in-
dicated by the inability to exclude trypan blue or the
leakage of lactate dehydrogenase.7' 2'13 An elevated cyto-
solic concentration of calcium ions is associated with
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tion ofthe population permeable to trypan blue increases
rapidly, ultimately approximating the level of cell kill-
ing measured concurrently in a colony formation assay.
Transient culture in calcium-free medium immediately
after exposure to MMS does not protect 1OT1/2 cells from
cytotoxicity, but incubation in the calcium-free medium
does prevent the initial transient episode ofpermeability
to trypan blue observed when the 1OT1/2 cells are in-
cubated in calcium-containing medium. These observa-
tions suggest that MMS-induced cytotoxicity results from
a complex course of events, possibly from damage to an
intracellular target rather than from damage to the
plasma membrane. (Am J Pathol 1986, 122:488-492)
inhibition of calcium-sensitive enzymes involved in
mitochondrial oxidative phosphorylation, altered con-
formation of structural proteins in membranes and
microtubules, and activation of enzymes such as phos-
pholipases, resulting in decreased membrane fluidity
and loss of active transport of ions. '3'5'14 However, there
is disagreement currently as to whether the loss of mem-
brane integrity and the intracellular accumulation of
calcium is the primary cause of cell death or is merely
a catalyst speeding cell death which has been irreversi-
bly decreed by other cellular damage.6'7
In a previous study we compared cytotoxicity pro-
duced in C3H lOTl/2 cells by the SN1 alkylating agent
N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) and
the SN2 alkylating agent methyl methanesulfonate
(MMS).15 The study sought to identify the cytotoxic
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lesion(s) produced by MNNG, and the cellular target
affected, by comparing the lesion frequency induced in
the DNA by the related compounds with the magni-
tude of cell death. The cytotoxic target forMNNG was
found to be cellular DNA. Cell survival measured by
relative colony-forming efficiency was drastically re-
duced by MNNG without a correlated increase in the
fraction of the population of affected cells which ad-
mitted trypan blue. In contrast, the reduction in rela-
tive colony-forming efficiency of MMS-treated cells cor-
related well with the increase in the population fraction
which stained with trypan blue. We proposed that MMS
produced cell death by damaging the cell membrane,
a mechanism that reflected the chemical reactivity of
MMS.16 If one assumed that MMS damaged the plasma
membrane such that it became freely permeable to cal-
cium, analogous to the action of the calcium ionophore
A23187,17'18 culturing MMS-treated cells in calcium-free
medium should have a protective effect and reduce cy-
totoxicity. Therefore, in this study 1OT1/2 cells exposed
to MMS were cultured temporarily in calcium-free
medium for determination of whether the plasma mem-
brane could be repaired and allow cells to recover. The
results of this study demonstrate that culture ofMMS-
treated lOTl/2 cell populations in medium containing




C3H lOTl/2 mouse embryo fibroblasts (Clone 8) were
utilized in all studies. The lOTl/2 cells were maintained,
and synchronized by release from confluence-induced
arrest, as described previously.15'19'20 The 1OT1/2 cells
were propagated in Basal Medium Eagle (BME) with
Earle's Salts (GIBCO) supplemented with heat-
inactivated fetal bovine serum (GIBCO) in a final con-
centration of 10%. Stock cultures of IOTI/2 cells were
passaged weekly by replating 25,000 cells/100-mm dish
and feeding them once between passages. Cell popula-
tions were discarded after Passage 18.
Populations of 1OTI/2 cells were synchronized by re-
lease from confluence-induced arrest of prolifera-
tion.15'19,20 Exponentially proliferating populations of
cells were trypsinized and replated at 1 x 106 cells/100-
mm dish and allowed to proliferate for 4 days. At the
conclusion of 4 days the cells had been confluent and
replicatively quiescent (>99%7 arrested) for 24 hours.
Synchronous proliferation was initiated by trypsiniza-
tion and replating of the arrested cultures at a reduced
density. The synchronous population entered the cell
cycle in the GO/early G1 phase and required approxi-
mately 15-17 hours for cells to reach the G1/S transi-
tion point.19'20 Cells entered S phase at the rate of ap-
proximately 13 %7o/hr.19'20
Cytotoxicity Assays
The relative colony-forming efficiency (RCFE) of
10T1/2 cells exposed to MMS was evaluated as de-
scribed previously.19 Confluence-arrested populations
were replated at a density of 500 cells/100-mm dish at
time zero. Six hours after plating cells the medium was
removed and the cells were washed in Hanks' balanced
salt solution (HBSS) and refed with HBSS. MMS
diluted to the appropriate concentration in acetone or
the acetone vehicle alone as a control was added directly
to the HBSS in the dish, and the cells were incubated
for 30 minutes. At the conclusion of the 30-minute ex-
posure period the cells were refed with fresh medium
and incubated for 14 days with one refeeding to allow
development of visible colonies.
Loss of the ability of individual cells to exclude the
dye trypan blue was quantitated as described previ-
ously.15 Synchronized populations of 10T1/2 cells were
exposed to MMS or to the acetone vehicle when they
were located in early G1 phase 6 hours after release
from confluence-induced arrest. Trypan blue uptake was
evaluated immediately, or the cells were refed with ei-
ther calcium-containing BME (approximately 2 mM
Ca2") supplemented with lOo heat-inactivated fetal bo-
vine serum or with calcium-free BME (GIBCO) sup-
plemented with dialyzed heat-inactivated fetal bovine
serum. Nominally calcium-free medium was prepared
from calcium-free BME that was supplemented with
lOo fetal bovine serum that had been dialyzed against
Chelex ion exchange resin.21 This medium contained
less than 0.025 mM Ca2l as determined by atomic ab-
sorption spectroscopy. Dye uptake was measured after
incubation of cells for various intervals in either
calcium-containing or calcium-free medium or after
brief incubation in calcium-free medium followed by
incubation in calcium-containing medium. For evalu-
ation of the effect of treatment with MMS the cells were
trypsinized, washed in HBSS, and incubated for 10
minutes in 0.4%7o trypan blue, and the fraction ofthe
population that stained was quantitated using a
hemocytometer.
Results
Our previous study demonstrated a strong correla-
tion between MMS-induced cytotoxicity evaluated by
relative colony-forming efficiency and the loss of mem-
brane integrity as indicated by permeability to trypan
blue.15 In that study synchronized populations of
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Figure 1-Kinetics of trypan blue uptake following exposure to MMS. Syn-
chronized populations of 10T1/2 cells were exposed to 200 jyg/ml MMS
(-* O*) or the acetone vehicle (& A) 6 hours after release from
confluence-induced arrest of proliferation, and the fraction of the popula-
tion permeable to trypan blue measured at various intervals after the ex-
posure.
1OT1/2 cells were exposed to MMS when the cells were
located in early G1 phase, and trypan blue exclusion
was evaluated at a single time point at the conclusion
of the initial cell cycle, approximately 24-28 hours af-
ter exposure to MMS. The current series of experiments
were designed to evaluate the time course of cell death
caused by MMS at shorter times after exposure, as in-
dicated by the loss of membrane integrity. Synchronized
populations of 1OT1/2 cells were exposed to MMS (200
pg/ml, 80-85 We reduction in RCFE) in HBSS for 30
minutes and returned to calcium-containing medium
for incubations of various periods, after which mem-
brane integrity was evaluated (Figure 1). Under these
conditions the fraction of the population which stained
with trypan blue was high immediately after exposure
to MMS, fell rapidly during 15-45 minutes after ex-
posure, and reached the control level by 60 minutes af-
ter exposure. The fraction of the population that ad-
mitted trypan blue remained at control levels for the
next 6-7 hours (Figures 1 and 2) and then increased rap-
idly over the next 6-10 hours. The rapid decrease in the
fraction of the population permeable to trypan blue
during the initial 60-90 minutes following exposure to
MMS did not result from the detachment and loss of
damaged or dead cells. At 2.5 hours after exposure the
MMS treated plates had lost only 7% of the cell popu-
lation relative to control populations. By 19 hours af-
ter exposure to MMS (24 hours into the synchronous
cell cycle), the fraction of the population that was
stained by trypan blue was comparable to the reduc-
tion in RCFE measured in the colony-forming assay
(Figure 2). By 24 hours after exposure to MMS, treated
plates contained approximately 82% of the number of
cells found on the matching control plates. The frac-
tion of the population stained by trypan blue was con-
stant for the next 24 hours, as demonstrated by the
correlation between the evaluations at 19 and 48 hours
after exposure (24 and 53 hours after release from
confluence-induced arrest).
The temporal pattern of trypan blue uptake in the
MMS-exposed population was not a function of syn-
chronous proliferation. The same pattern (high frac-
tion of cells admitting trypan blue immediately after
MMS-exposure, followed by a 7-8-hour interval dur-
ing which the trypan blue-positive population fraction
fell to control levels and a subsequent rapid increase
in the trypan-blue-positive fraction) was also observed
in exponentially proliferating populations of 1OT1/2
cells in response to an equivalent MMS exposure.
The protective effect afforded by temporary culture
of MMS-exposed 1OT1/2 cells in calcium-free medium
was evaluated in synchronous populations exposed to
MMS under conditions identical to those described


















Figure 2-Correlation of cell killing as measured by relative colony form-
ing ability ( - *) and by permeability to trypan blue. Synchronized
populations of 10T1/2 cells were exposed to MMS 6 hours after release
from confluence-induced arrest of proliferation. Colony formation was quan-
titated 14 days after chemical exposure. Trypan blue uptake was quanti-
tated at 6 hours (L-). 19 hours (EI- -l), or 48 hours
(0-0) after exposure to MMS.
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Mig/ml of MMS early in the G1 phase and refed with
calcium-free medium (Figure 3). The fraction of the
MMS-exposed population that was positive for trypan
blue uptake was at control levels immediately after
transfer to the calcium-free medium (Figure 3), in sharp
contrast to cell populations transferred to medium con-
taining calcium (Figure 1). During 2 hours following
exposure to MMS and transfer to calcium-free medium
the population fraction admitting trypan blue in-
creased, the obverse of the pattern observed in the iden-
tically treated cell population incubated in medium con-
taining calcium. The number of MMS-exposed cells
recovered per plate remained constant (>92% of con-
trol population) throughout the period of incubation.
A detrimental effect of temporary culture in calcium-
free medium was suggested by the rapid reduction in
the trypan blue-positive fraction observed when a popu-
lation temporarily cultured in calcium-free medium is
refed with calcium containing medium. Figure 3 illus-
trates the recovery of a population of cells exposed to
MMS, cultured for 90 minutes in calcium-free medium,
and then transferred to calcium-containing medium
(broken line). The temporal pattern of recovery and the
extent to which the membrane permeability induced by
calcium-free medium is reversible were similar after 60,
90, or 120 minutes in calcium-free medium.
Discussion
The accumulation of calcium in the cytoplasm of cells
has been associated with impending cell death.2'7'22
However, there is disagreement as to whether the intra-
cellular accumulation of calcium is the cause of cell
death or the consequence of lethal toxic injury to the
cell.6 7 A model proposing that the primary cause of
cell death is the flooding of the intracellular space with
calcium would imply that the plasma membrane is the
principal target for cytotoxic chemical damage.7'11'13
Chemical damage to the plasma membrane would al-
low the calcium to concentrate in the cell by one of two
mechanisms: free diffusion along the concentration gra-
dient through the permeabilized membrane or inacti-
vation of the cellular pump mechanism which actively
maintains the calcium gradient across the biologically
intact membrane.79'1 If calcium influx through a
damaged membrane is the primary cytotoxic event,
transient culture in calcium-free medium should reduce
the cytotoxic consequence of chemical exposure by al-
lowing the membrane to be repaired, as has been
reported for rat hepatocytes.7'9"1'
Our studies in C3H 10T1/2 cells indicate that cul-
ture in calcium-free medium does not protect these cells
from cytotoxicity induced by MMS. Temporary culture






MINUTES AFTER MMS EXPOSURE
Figure 3-Evaluation of the effect of temporary culture in calcium-deficient
medium on cells exposed to MMS. Synchronized populations of 1OT1/2
cells were refed with HBSS and exposed to MMS (200 ~g/ml) 6 hours af-
ter release from confluence-induced arrest of proliferation. At the conclu-
sion of the period of MMS exposure, cells were refed with calcium-deficient
medium, and permeability to trypan blue was quantitated after 30, 60, 90,
or 120 minutes of incubation under calcium-deficient conditions
(-4). In duplicate cultures after 30, 60, 90 ((A-*), or 120
minutes of incubation in calcium-deficient medium the population was
transferred to calcium-sufficient medium, and the permeability to trypan
blue measured after various intervals. The pattern of recovery after trans-
fer into calcium-sufficient medium was similar at all of the time points; there-
fore, only one time point is presented.
to the cells, and the kinetics of increase in the trypan
blue-positive fraction differed markedly from those seen
in MMS-exposed cells which were incubated in calcium-
containing medium. Culturing primary hepatocytes in
calcium-free medium has been reported to result in
rapid cytotoxicity as measured by staining with trypan
blue.3"12"4'23 Lipid peroxidation and the rapid depletion
of glutathione, with the accompanying alterations in
membrane integrity due to oxidation of membrane pro-
tein thiol groups, have been reported to be immediate
and continuing consequences of culture in calcium-free
medium.3'12'14'23 These cellular changes are rapidly par-
alleled by irreversible cell injury and death.3"2"4'423 These
observations suggest that the cytotoxicity measured in
10T1/2 cells cultured in calcium-free medium may be
primarily due to calcium insufficiency and not to MMS-
induced cellular damage, or that calcium-free medium
potentiates the membrane damaging effect of MMS.
The elevated fraction of the population that is perme-
able to trypan blue during the initial 30-60 minutes fol-
lowing exposure to MMS is transient. The affected
10T1/2 cells appear to recover the homeostatic control
of calcium metabolism and remove or catabolize the
trypan blue that has been admitted. The dramatic de-
cline in the population fraction permeable to trypan
blue is not due to a loss of dead cells from the culture
dishes, because the number of cells recovered per plate
by trypsinization is constant throughout the period of
study. The absence of this transient permeability to
trypan blue in populations incubated in calcium-free
Vol. 122 * No. 3
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medium after exposure to MMS suggests that the rapid
initial influx of trypan blue is causally associated with
a temporary, and reversible, permeability to calcium
ions. Consequently, we suggest that the irreversible
influx of extracellular calcium ions associated with cy-
totoxicity is a late occurrence in the sequence of events
leading to cell death and not an immediate consequence
of the exposure to MMS. The temporal pattern for the
increase in the fraction of the 1OTI/2 cell population
that takes up trypan blue is similar to that reported for
the uptake of calcium in chemically damaged hepato-
cytes.1'11 In hepatocytes the level of calcium increases
slowly for the initial 2-4 hours after exposure, and sub-
sequently increases more rapidly, peaking 12 or more
hours after exposure to hepatotoxins such as carbon
tetrachloride or bromobenzene.
Biologic membranes are one of the principal cellu-
lar targets likely to be alkylated by MMS because of
the chemical reactivity of this SN2 alkylating agent."6
The lack of protection of 1OT1/2 cells by culture in
calcium-free medium is consistent with the report that
calcium-free medium did not protect hepatocytes from
the related chemical ethyl methanesulfonate (EMS).13
The latter study suggested that the plasma membrane
was not the target for the alkylation products associated
with the cytotoxic action of EMS. While MMS is not
a potent producer of free radicals, the pattern for the
induction of cytotoxicity byMMS is similar to that ob-
served for hepatotoxins such as carbon tetrachloride,
bromobenzene, t-butylhydroperoxide, and the combi-
nation of adriamycin and bis-chloroethylnitrosourea.
All of these chemicals produce elevated levels of active
oxygen species which have been posited to damage pri-
marily the calcium pump of the microsomal mem-
brane. 1'313'14'17-23 Our study did not identify the cellu-
lar target for cytotoxic damage induced by MMS, but
the results suggest that cell killing byMMS results from
a multistep, protracted sequence of events requiring
several hours before the cell demonstrates a permanent
loss of membrane integrity, rather than from a one-step,
direct chemical permeabilization of the plasma mem-
brane. We believe that the pattern of MMS-induced cell
death is compatible with the model posited for chemi-
cals that produce active oxygen species, and we suggest
that an intracellular organelle, such as the microsomal
membrane, rather than the plasma membrane, may be
the principal target for the cytotoxic lesion produced
by MMS.
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